The method presented in this paper utilizes Global Land Survey (GLS) maps to register Earth Observing-1 (EO-1) data, either using entire scenes or utilizing chips extracted from the GLS maps. The automated registration algorithm is based on the optimization of wavelet or wavelet-like features extracted from both reference and input image data. After testing the method on several ALI scenes, results and conclusions are presented.
INTRODUCTION
Accurately geolocating image data is essential for applications such as spatial and radiometric calibration of multi-temporal measurements, for creating long-term records for accurate change detection and for analyzing multi-scale phenomena. Additionally, future decision support systems, intelligent sensors and adaptive constellations will rely on real-or near-real-time interpretation of multiple Earth observation data, both onboard and on the ground. The more expert the system and far-reaching the application, the more important will it be to obtain very accurate data. This is in particular the case of the NASA Goddard SensorWeb project, mainly based on observations from the Earth Observing-1 (EO-1) sensors, the Advanced Land Imager (ALI) multispectral instrument and the Hyperion hyperspectral instrument [1] . In this paper, we describe an algorithm that can accurately register ALI and Hyperion data to other observation data such as those from the Landsat and MODIS projects in order to integrate multi-source information and provide accurate and timely information to first responders in case of a disaster. The algorithm is based on several waveletand wavelet-like-based techniques described in [2] [3] [4] that are used to register EO-1 data to USGS Eros Data Center (EDC) Global Land Survey (GLS) maps [5] . A GLS dataset is a collection of Landsat-type satellite images from USGS, providing near complete global coverage, orthorectified images with each image having less than 10% cloud cover. There are four different GLS datasets; GLS1970, which uses Multispectral Scanner (MSS) data, GLS1990, which uses Landsat 4-5 Thematic Mapper (TM) data, GLS2000 which uses Landsat 7 Enhanced Thematic Mapper Plus (ETM+) data and GLS2005 which uses a combination of Landsat TM and ETM+ data.
BACKGROUND
In this paper, we will define geocorrection (or systematic correction) as the process by which image data from a spacecraft or an aircraft is corrected based on GPS and ephemeris data collected onboard; geolocation is the process that determines the actual geographical location of a pixel/object/image on the Earth. In the following text, georegistration is defined as the process of finding the correspondence between one map, drawing or image relative to a "known" reference drawing, map or image. Automatic image registration is defined as being performed by a computer algorithm that aligns one image relative to a known image. If the "known" image is geolocated, registering any other image to this one implies also geolocating it.
Until very recently, EO-1 data were mainly available as Level L1Gs data, i.e., radiomatrically corrected and resampled for geometric correction and registered to a geographic map projection, or Level L1Gst, i.e., radiomatrically corrected and resampled for systematic geometric correction and registered to a geographic map projection as well as ortho-corrected using digital elevation models (DEM) to correct parallax error due to local topographic relief [1] . But, very often, geocorrected products still include registration inaccuracies. When Ground Control Points are available, scenes are processed to Level L1T data, i.e., data are geocorrected using Ground Control Points. This is the case of most ALI scenes and some Hyperion scenes. The focus of this work is to automatically geocorrect EO-1 L1Gst data, ALI and Hyperion, and to be able to produce onboard products comparable to the L1T products; additionally, in order to create onboard low-latency products that will be accurately geolocated, there is a need to develop a registration method fast enough and with lowcomputational requirements that will be applicable onboard for the current EO-1 mission as well as for the future Hyperspectral Infrared Imager (HyspIRI) mission [6] .
A complete survey of the state-of-the-art of image registration for remote sensing can be found in [2] ; as a summary, any image registration method can be defined by the following components:
1. Required pre-processing, e.g., image enhancement, noise cleaning, cloud masking, or extraction of regions of interest. 2. Feature extraction, e.g., extraction of "control points" or salient points such as edges, corners, or edge-like points, extraction of regional features such as lines, contours, homogenous regions, or computation of a scale invariant feature transform, such as the Scale-Invariant Feature Transform (SIFT) algorithm [7] . 3. Feature matching, including the choice of a spatial transformation (rigid, affine, polynomial, etc.), the choice of a search strategy (local, global, hierarchical, etc.) and the choice of a similarity metrics (e.g., L2-norm, normalized cross-correlation, mutual information, etc.) 4. As needed, remapping/resampling or indexing.
The main challenges associated with automatic image registration are to provide sub-pixel-accuracy and to be robust to recurring use. In our particular domain of application, speed, high-level of autonomy and a transparent use of such a method on the ground or onboard represent additional challenges.
In the particular case of EO-1 data, the image registration algorithms are applied to L1Gst data, i.e., data that have gone through a systematic correction (also sometimes referred to as navigation) using ancillary/ephemeris data from the spacecraft, as well as geocorrected to a known DEM. In short, by determining where the satellite is pointing while acquiring an image, the image can be given approximate ground coordinates. This type of correction takes into account parameters such as the type, orientation, and shape of a satellite orbit. While navigation is model-based, image registration is featurebased, i.e., assuming that the results of the systematic correction are accurate within a few or a few ten's of pixels, the precision-correction algorithms utilize selected image features or control points to refine this geolocation accuracy within one pixel or a sub-pixel. This step is particularly important when dealing with data acquired from different platforms with different system characteristics that can introduce different biases in the systematic correction process. The ultimate goals of our precision correction algorithm are to:
• Provide sub-pixel accuracy georegistration • Deal with multi-source, multi-resolution (spatial, spectral and temporal) image data • Process large scenes in real-or near-real-time • Be applicable to onboard processing.
Although many methods have previously been developed, these prior operational methods have usually been developed for one specific type of instrument data and are not always applicable to multi-source data. They are also always implemented on the ground with large computational resources and cannot be easily converted to onboard processing applications.
ON THE GROUND AND ONBOARD GEO-REGISTRATION
Both our on the ground and onboard methods utilize a registration algorithm previously developed and described in [3] . This method is based on a wavelet decomposition, using either a Spline or a Simoncelli wavelet or waveletlike transform, a search using a Marquart-Levenberg optimization (developed by Thevenaz and Unser, [4] ) and a distance metric based on an L2-norm. This algorithm is applied to register EO-1 data, using Landsat data (full scenes or chips) extracted from the 2000 USGS Eros Data Center (EDC) Global Land Survey (GLS) database [5] .
On the ground, since computations can take more time and use more memory the algorithm can be applied to two full scene images, the EO-1 scene to be registered and a GLS map from the USGS Global Land Survey. Onboard, on the other hand, the method must be much faster and less memory intensive than the on ground method. In this case, using the same algorithm and a GLS map again, the registration is performed using a "chip database." Currently, our chip database consists of extracted regions of 256x256 pixels from the 2000 GLS map to form a dataset that contains samples from all over the world. When the 2010 GLS map will be available, chips from this more recent map can be extracted and used for newly acquired EO-1 data. More generally, chips from the GLS date closest to the EO1 scene can be used. Our database is organized by Landsat rows and paths and each chip is indexed by the UTM coordinates of its upper left corner. The overall registration process is then the following: 1. For each newly acquired EO-1 scene, find the chips from the database that intersect the scene (this is done by using the row and path of the incoming scene and its UTM coordinates and finding the closest chips in terms of row/path and UTM information). 2. Extract from the EO-1 scene, regions, or "windows", corresponding to the chips. 3. Eliminate windows containing insufficient information (or mostly black). 4. Normalize chip and window's gray levels between 0 and 255 and smooth out any noise, using a median filter. 5. Compute a local rigid transformation (Tx, Ty, Θ, s) for each chip-window registration. The transformation geometrically matches the window's features to the chip's features; (Tx,Ty) represents the translation or shift, Θ represents the rotation and s represents the scale. 6. Eliminate outlier transformations from the list of all local transformations, by using a resistant mean (or trimmean) algorithm, that excludes the highest and lowest k data values, where k=n*(percent/100)/2; in our case we chose n as 10. 7. Compute the global registration of the EO-1 scene by computing the median transformation of all window-tochip local transformations that were not eliminated in
Step 4. 8. Correct the UTM coordinates of the 4 corners of the scene and index the scene, using the global transformation computed in Step 5. 9. If needed and/or desired, resample the scene using the global transformation computed in step 4. Usually a near-neighbor scheme will be chosen.
Not only registering smaller areas of the scene makes the process faster, but this algorithm can also be parallelized very easily where each local registration is performed on separate threads.
RESULTS
As of this writing, the method was tested using a small number of ALI images. We performed experiments using full scenes and using the chips method, and in each case, we used either the original data or data pre-processed by a Sobel edge detector (mostly when using a low-pass wavelet or wavelet-like filter). The image features were extracted either with a Spline wavelet or with a Simoncelli steerable decomposition [3] . Ground truth was computed through manual registration using ENVI. Table  1 shows accuracy results of automated registration on a few full scenes, using either Spline or Simoncelli features (Low-Pass and Band-Pass) with or without pre-processing with a Sobel edge detector. On these scenes, the best results are obtained using Spline low-pass or Simoncelli band-pass features after a Sobel pre-processing, both yielding an average subpixel accuracy of about 0.2 pixel: see Table 1 . Two scenes were also processed using the chips method. Overall, visual results provide satisfactory results (See Figures 1 and 2 ), but registration accuracy using the chips method varies between 0.4 and 2.5 pixels.
One of the main reasons is that the preliminary chip database used in these tests was extracted in a "bruteforce" fashion, i.e., GLS scenes are divided into 256x256 squares and each of these squares represents a chip. In the future, chips and windows need to be pre-selected based on their information content (e.g., using an entropy measure). This would ensure that registration results are more accurate because only based on significant features; it would also make registration faster because less local transformations would be computed and would make the chip database smaller and therefore easier to be stored onboard.
CONCLUSION
In this paper, we have shown preliminary results for the registration of EO1 data using GLS maps. The method provides good qualitative results obtained in real-time. It can easily be implemented onboard and on a parallel processor. Nevertheless, additional work and testing needs to be done to improve the registration accuracy by getting a more selective chip database, but also by refining the computation of the global transformation and by introducing masks to remove clouds and water features that are often unreliable. 
